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Introduction
Since human settlement of New Caledonia, the natural distur-
bance regime has been altered, leading to a number of changes
in landscape composition and structure. In particular, the vege-
tation on ultramafic substrate has been greatly affected by fire
and other human disturbances associated with logging and
mineral exploration. It is therefore pertinent to ask how the land-
scape may respond to present and future disturbance regimes
and how these changes might relate to the peculiarities of the
serpentine environment. For example, if disturbance return
intervals were to increase, or if the average size of individual
disturbance events were to change, how would the landscape
respond? Questions such as these are not amenable to the tradi-
tional experimental approach commonly used in ecology.
Instead, it is necessary to resort to the use of simulation models
(see ref. 1). Simulation modelling of landscape-level dynamics
has rarely been attempted for regions characterized by ultramafic
substrates, perhaps due to the overriding concern of workers to
identify the more site-specific roles of unusual soil chemical
conditions in determining floristic and structural patterns of
vegetation. The only other landscape models considering the
dynamics of serpentine landscapes that we are aware of are
those of Moloney et al.,2 Wu and Levin3 and Moloney and Levin,4
which simulate the dynamics of a serpentine grassland near
Santa Cruz, California. It is of both scientific and management
interest to ask how broader-scale processes might operate in ser-
pentine landscapes, and whether interactions across scales may
imply landscape-level outcomes that differ from those expected
under equivalent circumstances on non-ultramafic substrates.
Patch type or landscape models are the most widely used
modelling framework to simulate landscape dynamics over
large spatial and temporal extents. Unlike gap replacement
models such as JABOWA5 or FORET,6 tree demography is not
modelled explicitly in such landscape models. Instead, changes
in vegetation structure are indexed to time since disturbance.
These models may be described as spatially implemented patch
transition simulators. Landscape models have been developed
that use stochastic approaches to examine the relationship
between fire regimes and landscape heterogeneity as well as
fire-affected landscape changes through time, many of which
are described in detail in ref. 7. Although designed to explore a
variety of issues in a wide range of systems, these landscape
models share several common features. These include coarser
temporal resolution than mechanistic models (usually 1–10
years as compared to time-steps of minutes), ability to simulate
large spatial extents with multiple fire events, and the use of
stochastic algorithms. Since the temporal resolutions used in
such models are much coarser than those of mechanistic models,
detailed processes such as the mechanics of individual ignition
events or individual tree growth and mortality can not be
simulated precisely over time. Thus, in landscape models,
fine-scale processes are integrated across temporal scales not by
simulating them directly, but by representing them as aggre-
gated phenomena in time and space. The model that is described
and tested here falls into this broad category. As noted above, the
research of Moloney et al.,2 Wu and Levin3 and Moloney and
Levin4 aside, the development and application of landscape
models to serpentine landscapes has been extremely limited.
The spatially-realistic (sensu ref. 8) landscape model presented
here is designed to explore landscape dynamics on Mont Do, a
small montane reserve in the southern part of New Caledonia.
The primary aim of this paper is to explore the role of fire,
and the ways that changes to the fire regime may affect land-
scape pattern (structure and composition). Three facets of the
fire regime are considered: fire frequency (return interval),
the average individual event size and the flammability of the
vegetation.
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The coniferous tree Araucaria laubenfelsii forms a key component
of vegetation structural assemblages on ultramafic substrate at
Mont Do, New Caledonia. It is the sole species to be found both as
an emergent in maquis and as a common canopy species in adja-
cent rainforest patches. This paper describes a spatially explicit,
landscape-level model developed to investigate the vegetation
pattern on Mont Do and provides preliminary results of model
analyses. Results indicate that the interaction between fire, terrain
and the long residence times of fire-prone successional stages may
be largely responsible for the landscape patterns visible. Maquis is
found predominantly on hillsides where fire spread is likely to
be most rapid, while maquis with emergent A. laubenfelsii, and
A. laubenfelsii woodland, are restricted to rocky areas and rain-
forest margins of likely intermediate fire frequency. The model
indicates that if fires were to become either more frequent or in-
crease in size, maquis would become increasingly prevalent in the
landscape. Pattern metrics, such as fractal dimension, indicate that
as a result of such a change, the spatial complexity and fragmenta-
tion of the landscape may be reduced. Conversely, if fire frequency
decreases or fire sizes become smaller, then rainforest becomes
more dominant. Although the presence of A. laubenfelsii on Mont
Do is not threatened under such a scenario, the persistence of
certain ‘transient’ structural assemblages at their current abun-
dances seems less certain. While the role that ultramafic soil condi-
tions might play at the landscape level is not clear, several possible
interactions between the plant-soil relationship and broader scale
dynamics are identified. In particular, soil chemical constraints on
plant growth may be responsible for the very long time-scales asso-
ciated with succession from maquis to forest, and this slowed
succession increases the potential role of fire as a major determi-
nant of landscape-scale vegetation pattern relative to that on
nearby non-ultrabasic substrates.
Site description
New Caledonia is a small island group (~19 000 km2), yet it
contains an extremely diverse native flora of around 3000
species. Nearly 80% of these species are endemic, and New
Caledonia is home to a large number (43) of conifer species,
coming from four families.9 Mont Do (see Fig. 1) is a Botanical
Reserve (Réserves Spéciales Minières et Botaniques), established to
preserve and protect the mountain flora and fauna associated
with the ultramafic substrate predominant in the southern part
of New Caledonia. Mont Do is part of the central mountain chain
and is 1025 m a.s.l. at its highest point. The reserve occupies the
top several hundred metres of the mountain, corresponding
with the area of outcropping ultramafic bedrock and a relatively
dense population of Araucaria laubenfelsii.10
The landscape on Mont Do is spatially complex, with the
endemic conifer species Araucaria laubenfelsii being a key compo-
nent of the unusual structural assemblages found in the land-
scape. These structural assemblages themselves form interesting
spatial patterns in the landscape. A. laubenfelsii is the only tree
species to be found both as an emergent in the maquis and as a
canopy dominant in some patches of rainforest. Late in the
successional sequence, however, A. laubenfelsii may be replaced
in old forest patches by Nothofagus codonandra.10,11 The density of
A. laubenfelsii in the maquis is highly variable, ranging from areas
where the species is locally absent, to areas where stem densities
are very high. Patches of maquis without A. laubenfelsii, or with
A. laubenfelsii emergents present at very low densities, are found
on slopes on which fires may be expected to spread rapidly.
Maquis containing higher densities of emergent A. laubenfelsii
and Araucaria woodland are found on ridgelines where fire
frequency may be reduced by the negative impact of rockiness
on fire spread (see ref. 12). Rainforest patches are at present
largely restricted to gullies and other fire-protected positions.
The current structure of the landscape suggests interesting feed-
back (both positive and negative) between pattern and process,
especially with regard to disturbance.
Jaffré,9 Rigg et al.10 and Rigg11 suggest that a decrease in fire
frequency since the establishment of the Mont Do reserve may
have led to an increase in the recruitment of A. laubenfelsii in the
maquis, and may lead ultimately to the expansion of rainforest.
Factors relating to a combination of tropical weathering
processes and ultramafic chemistry, influence fire frequency by
affecting rates of biomass (fuel) accumulation, tree invasion and
growth within the maquis.13 Soil profiles may be excessively
rocky due to the development of a surface iron hardpan (sol
cuirassé), they have low concentrations of plant macronutrients,
and potentially toxic concentrations of several metal elements
including Ni, Mn and Cr. Although fire is the dominant distur-
bance structuring the landscape, other disturbance events are
also evident. For instance, several recent treefalls of mature
Araucaria laubenfelsii are attributable to the passage of tropical
cyclones. Although these events undoubtedly play some role in
generating pattern in the landscape they are not considered in
the model presented here.
Model description
The model described here is designed to explore the way that
patterns in the landscape may be attributed to the disturbance
regime, and in particular, wildfires. It is evident that succession
and disturbance operate across a number of scales in space and
time. For the most part we will be concerned with temporal
scales of decades and centuries (with the basic time-step of the
model being one year), and spatial scales of hectares and above.
Figure 2 illustrates the basic design and structure of the model,
which operates largely within a rule-based (IF-THEN) qualita-
tive framework, with succession and disturbance events occur-
ring in response both to simple rules and probabilistic tests. The
model is stochastic and thus a number of replicate model runs
are performed for each scenario explored. The model is built
around four major components: (i) a vegetation dynamics
module, (ii) a disturbance (fire) module, (iii) a climatic module,
and (iv) a landscape metric/pattern analysis module for analysis
of model output(s). The model results presented here are
concerned largely with an analysis of the effects of the fire
regime on the landscape composition and structure of Mont Do.
Therefore, the fire component of the model will be described in
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Fig. 1. Southern part of the Grand Terre of New Caledonia, illustrating the location
of the Mont Do study site, and the extent of ultramafic substrate on the island.
Fig. 2. Schematic representation of the spatial model described in this paper.
some detail and the three other components more briefly.
Within the landscape model fire frequency is simulated using
the weibull distribution, whose hazard function is defined as:14,15
h(t) = ctc–1, (1)
where h(t) = probability of a hazard (i.e. fire) occurring at time t,
= 1/fire interval, and c = dimensionless shape parameter [if c =
1 then the hazard is constant, if c > 1 then the hazard increases
with time (i.e. older stands have a greater chance of burning)].
The shape parameter may be altered to reflect the shape of the
fire probability curve, and  manipulated to change the average
return interval of fire events.16 A random number is tested
against the probability of fire in each year and, if it is lower, then a
fire event occurs. If a fire does occur, then another test is carried
out to see whether the fire starts within the landscape, or spreads
into the landscape from part of the adjoining area. If the fire
starts within the landscape, then the ignition point is chosen at
random; should the fire be spreading into the landscape, then
the side from which it is spreading and the length of the front are
randomly determined. Following ignition, the maximum poten-
tial size of the fire is calculated; this may either be set as a
constant value, or may be selected stochastically from a negative
exponential function. The probability of a fire event starting
outside the landscape was set to five per cent for all of the simula-
tions described here.
Fire spread is simulated as a simple percolation process17,18
operating within a stochastic cellular automata framework.19
Cells that contain flammable vegetation and are adjacent to
ignited cells are tested to see whether they ignite. Flammability
is modelled as a function of topography (slope), vegetation, fuel
build-up (time since last fire), fire intensity and climatic condi-
tions (wind speed and direction and rainfall). Fire may spread
into any of the eight cells adjacent to the focal (burning) cell (i.e.
the ‘Queen’s move’); a lag in spread is tested for those cells which
share only a corner and not an edge. It should be emphasized
that ‘burning’ is defined as fire sufficient to reset the successional
sequence, and not low intensity fire events which may pass
through the vegetation without causing any significant mortal-
ity. After a set number of iterations, the cell is assumed to burn
out and fire may no longer spread from it. Fire spread continues
in this manner until the maximum possible fire size is reached or
until a time step occurs when the fire fails to spread into any new
cells. For each fire event, a wind speed and direction are
randomly generated and these act to bias the direction of fire
spread. The general structure of the fire module of the model is
illustrated in Fig. 3. This general framework for simulating fire
spread is similar to that used by Ratz,20 and Karafyllidis and
Thanailakis.21 Fine-scale variables such as temperature and
humidity are not usually included in landscape models such as
that described here because they are not designed to predict the
exact location and behaviour of individual fire events.22
Vegetation dynamics are simulated in a quantitative manner.
Four vegetation types are recognized in the model, representing
(putative) successional stages (Table 1); a fifth vegetation class
included in the model is a bare rock/soil class.
The periods over which succession occurs in such ultramafic
landscapes are very long.10,13 Within the model, successional
changes are simulated either simply as vegetation change taking
place after certain time periods without fire burning a cell, or in
some cases when fire has not occurred for a certain period of
time and some other condition is met, such as the presence of a
critical density of reproductively mature A. laubenfelsii (see
Fig. 4). After a cell is burnt, it is assumed that the biomass in that
cell is insufficient to carry fire for at least ten years (see refs. 13,
23). Critical stages in the life history of A. laubenfelsii are used for
some of these stage changes. A. laubenfelsii becomes both repro-
ductively mature and considerably less susceptible to fire-
mortality at an age of around 120 years.11 Thus, ‘maquis with
emergent Araucaria’ is defined as any pixel with at least one
reproductively mature (120-year-old) individual in it (this corre-
sponds to a density of one mature individual per 100 m2). The
rate of succession is also influenced by landscape position,
reflecting spatial variations in soil moisture across the landscape.
Furthermore, the age to reproductive maturity is also high. It is
probable that these long time periods reflect the harsh nature of
the soil conditions which cause the extremely slow growth rates
seen in A. laubenfelsii (and many other species) on Mont Do.
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Table 1. Brief description of vegetation states included in the model.
State* State description
Maquis (1) Maquis miniers with no A. laubenfelsii present.
Maquis with emergent Araucaria (2) Maquis with scattered A. laubenfelsii (at a density of at least one reproductively mature adult per 100m2).
Araucaria woodland (3) Increasing density of A. laubenfelsii — intermediate between 2 and 4.
Forest (4) Mature forest dominated by A. laubenfelsii (as a canopy emergent) and Nothofagus codonandra.
Rocky (5) Rocky outcrops – non-flammable.
*Number refers to the numeric code of the state.
Fig. 3. Schematic representation of the fire module component of the spatial land-
scape-model.
